High-Intensity Narrow-Spectrum (HINS) light is a novel blue light inactivation technology which kills bacteria through a photodynamic process, and is proven to have bactericidal activity against a wide range of species. Specimens from hip and knee arthroplasty infections were collected over a one year period. A range of these microbial isolates were tested for sensitivity to HINS-light. During testing, suspensions of the pathogens were exposed to increasing doses of HINS-light (of 123mW/cm 2 irradiance). Non-light exposed control samples were also set-up. The samples were then plated onto agar plates and incubated at 37°C for 24 hours before enumeration.
Introduction
In England and Wales 1 there were over 186,000 hip and knee arthroplasty operations performed in 2013, with a further 14,000 such procedures performed in Scotland the previous year 2 . Prosthetic infection is a major but infrequent complication of the surgery, with a relatively unchanged incidence in recent years of between 0.6% and 2% per joint per year [3] [4] [5] . Revision of infected implants is associated with substantial morbidity and has significant economic implications. Any new developments in reducing the burden of prosthetic joint infection are welcome.
The potential of antimicrobial light technologies have previously been considered.
The absorption of ultraviolet (UV) light photons (wavelengths 100-400 nm) leads to photobiochemical reactions that cause damage to nucleic acids, with a single photon having the potential to induce a lethal effect 6, 7 . However, this effect is often nondiscriminatory, and UV light has recognised significant adverse side effects including dermatological (neoplasms) and ophthalmological (cataracts) conditions 8 . As a result of these safety issues, individuals cannot be directly exposed to UV light disinfection technologies.
HINS-light is a narrow band of visible blue light, with peak wavelength of 405 (±5) nm that has been developed by researchers in The Robertson Trust Laboratory for
Electronic Sterilisation Technologies (ROLEST) at the University of Strathclyde.
The technology induces inactivation of a range of bacterial pathogens via a photodynamic inactivation effect which is triggered by absorption of the light. This leads to photo-excitation of endogenous porphyrins and the production of reactive 2 oxygen species, primarily singlet oxygen. The subsequent result of this is bacterial cell death 9 . A series of studies by the ROLEST team have proven the germicidal efficacy of HINS-light against a range of bacteria in a variety of laboratory and clinical settings [10] [11] [12] [13] . The purpose of this study was to investigate if HINS-light technology could successfully kill microorganisms isolated from cases of infected lower limb arthroplasty.
Materials and methods

Microbiological Methodology
Isolates from clinically relevant arthroplasty infections were prospectively gathered over a one year period. At the Southern General Hospital microbiology lab, when a positive culture was identified, the isolate was transferred onto Microbank™ beads (ProLab Diagnostics) containing cryopreservative solution for storage at -70°C in the hospital freezer. The isolates for testing for susceptibility to HINS-light were then transferred to ROLEST. There were a total of 51 positive cultures (Table I) .
For recovery of the microbial isolate, an inoculated Microbank bead was removed under aseptic conditions and streaked onto an agar plate. The agar medium of choice was selected dependent on the organism being cultured (Table II ). This streaked plate was then incubated at 37°C for 18 hours. The purity of the isolates was verified by
Gram staining and visual identification under the microscope.
In order to culture a microbial strain for experimental use, a loopful of organism from the agar slope (stored at 4°C) was aseptically extracted and inoculated into 100ml broth using a sterile wire loop. Corp., California, USA) was used in this study. This is composed of 99 LEDs (9 x 11 rectangle) closely packed. This array has an area of 3. A control sample was set-up for each test. This was a bacterial suspension held in the well of a multidish which was mechanically agitated for the same period of time as the test sample under normal laboratory light conditions, but not exposed to 405nm
light. Following exposure at the various time settings, samples were plated onto agar plates (the type dependent on the organism being tested - Table II ) using a WASP 2 spiral plater (Don Whitley Scientific). The plates were then incubated at 37°C for 24 hours before enumeration. All of the experiments were repeated at least once.
Results
Complete inactivation was achieved for all of the clinical isolates from infected arthroplasty cases. A graph comparing the inactivation kinetics for all the Grampositive bacteria exposed to 405nm HINS-light is shown in Figure 3 . With the exception of E. faecalis, all of the Gram positive bacteria were successfully inactivated in under an hour, with an approximate 5 log 10 reduction achieved in each case. S. epidermidis was the quickest to be completely inactivated in 16 minutes, followed closely by S. aureus which took 20 minutes. E. faecalis was the slowest to be inactivated, taking around 120 minutes.
The inactivation times for the Gram-negative organisms were clearly longer than those for the Gram-positive bacteria (Fig. 4) . The longest time required for inactivation was 5 hours of 405 nm light exposure; and this was for E.coli. The other enterobacteriaceae, namely K. pneumoniae and S. marcescens, required slightly shorter exposure times of 3 and 4 hours respectively for complete inactivation. P.
aeruginosa was the last Gram-negative organism tested, and was found to be inactivated quickest, over the course of 90 minutes. C. albicans was the sole yeast isolate exposed to HINS-light, and a clear 4 log 10 reduction was apparent after 45 minutes (Fig. 5) . The control line was unremarkable and flat throughout, similar to what was seen with all of the other control samples.
When the irradiance and exposure time of the HINS-light applied to the microorganisms is known, the dose applied for complete inactivation may be calculated based on the formula: E (energy or dose) = P (power or irradiance) x t (time, in seconds)
Based on the experimental results for the HINS-light exposure of microbial suspensions, the inactivation capability of the 405nm HINS-light can be quantified.
This is known as the germicidal efficiency (GE). This can be defined as the log 10 reduction of a given microbial population by inactivation per unit of light energy density in J/cm 2 , also known as the dose 14 . This calculation can be shown as:
Germicidal Efficiency,  = log 10 (N/N 0 ) per J/cm 2 Table IV provides a summary of the GE of the 405 nm light emitted from the 99-DIE LED array for all the pathogens tested.
Discussion
New advances to aid in the prevention or management of prosthetic joint infection are welcome. HINS-light is a novel visible blue light technology which achieves the inactivation of pathogens via a photodynamic inactivation effect, which is triggered by absorption of the light and is mediated by porphyrins 12 . In this study, the sensitivity of clinical isolates from hip and knee arthroplasty infections to HINS-light 7 was examined. Pathogens that could be cultured and identified were exposed to HINS-light, with all inactivated using 405 nm light. S. epidermidis was the bacteria inactivated in the shortest period of time, 16 minutes. This Gram-positive bacterium required the lowest dose of all those tested, and as a result had the highest GE. E. coli took the longest period of time to achieve complete inactivation, 300 minutes. This
Gram-negative bacterium therefore required the highest dose of all those tested, and in turn had the lowest GE. Murdoch et al 11 found the GE of E. coli O157:H7 exposed The suspension inactivation curves for the bacteria followed a similar shape. There was an initial period of inactivity, followed by a rapid acceleration until complete inactivation. The distinct inactivation times observed may be explained by the fact that different bacteria produce different porphyrins, the peak absorption wavelengths are therefore likely to vary, and in turn different wavelengths may be required for optimum photostimulation 10 .
Differing mechanisms of bacterial inactivation between blue light (porphyrins mediated) and UV light (DNA damage) are emphasised when our work is compared to the landmark publication of Chang et al 15 . The authors conducted a series of experiments using a collimated beam of UV light set at 254 nm and found that Gramnegative bacteria were more susceptible than Gram-positive bacteria. This is the opposite of the results with HINS-light thus far. Furthermore, the study 15 reports that the dosage of UV light required for a 5-log 10 reduction of both S. aureus and E. coli was approximately 10 mW-sec/cm 2 . Not only is this considerably less than any of the dosages required involving 405 nm blue light, but the dosage of UV light required for inactivation of both bacteria was similar. We acknowledge that visible light inactivation is much less efficient than UV-inactivation, but highlight the greater operational safety it offers. Furthermore, recent studies have shown that therapeutic doses of HINS-light does not adversely affect in vitro models of wound healing 16 and that the technology is potentially effective against biofilm 17 .
This study provides further support for the anti-microbial properties of HINS-light, specifically addressing isolates from infected arthroplasty specimens. 
